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FOREWORD 


"Previously,  a  study  (1)  of  the  Raman  spectrum  of  the 

V  v 

incommensurate  ferroelectric,  potassium  selenate  (K^SeQ^)  was  reported./ 
from  this  Laboratory,  ^a"  qualitative  model  was  proposed  in  that  work 
to  explain  the  universal  observation,  that  in  its  paraelectric  phase, 
there  is  a  higher  multiplicity  of  lines  in  the  internal  mode  spectra 
(selenium-oxygen  vibrations  within  the  selenate  tetrahedra)  than 
predicted^  The  predictions  came  from  conventional  symmetry  analysis 
of  the  x-ray-determined  (for  the  selenate)  ^-potassium  sulfate 
structure  (Pnam).  The  main  features  of  that  qualitative  model 
suggested  the  true  structure  to  be  slightly  deviated  from  the 
inversion  symmetry  of  the  Pnam  space  group  as  a  result  of  small 
rotations  (both  static  and  dynamic)  of  the  selenate  tetrahedra  out  of 
their  centrosymmetric  positions.  Further,  it  was  necessary  to 
postulate  that  these  rotations  did  not  posess  translational  symmetry 
but  were  disordered  in  the  lattice,  and  that  the  selenate-selenate 
coupling  was  weak,  in  order  to  explain  the  numbers  of  lines  observed 
in  each  Raman-scattering  configuration. 

V 

More  recently a «^;r*ince— June7— 134i3  )-T-  in  addition  to  refining 
some  of  our  measurements  of  the  selenate  spectra,  we  have  made  a 
detailed  study  and  analysis  of  the  Raman  spectra  of  an  isomorph  of 
K^SeO^,  rubidium  tetrachlorozincate  (Rb,ZnCl^),  also  known  (like 
K2SeO^') ,  to  exhibit  incommensurate  behavior  12 r^T.  This  experimental 

study  paralleled  (and  reinforced)  an  intensive  theoretical  study  of 

> 

the  lattice  dynamics  of  Rb^ZnCl^,  to  be  described  elsewhere,  but  from 
which  calculated  Raman  peak  frequencies  were  taken  and  are  cited  in 
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this  report.  (A  brief  preliminary  report  of  some  major  results  of  the 

/ 

theoretical  work  has  been  submitted  for  publication  (4)). 

Tn  the  following  sections,  we  describe  our  experimental  results 

V  V. 

on  Rb^ZnCl^,  our  analytical  procedures , and  the  results  of  our 
analysis,  and  we  compare  these  results  with  our  earlier  studies  on 

i  , 

K^SeO^  and  with  the  predictions  of  the  model  offered  previously  and 
described  briefly  above. 

We  also  present  in  a  second  chapter  some  new  measurements  of  the 
potassium  selenate  internal  mode  spectra,  made  with  more  precise 
frequency  calibration,  for  comparison  with  work  reported  by  other 
laboratories.^ 

Portions  of  this  report  are  being  prepared  for  the  appropriate 
journals.  However,  this  material  is  presented  also  as  a  technical 
report  since  many  of  the  details  will  be  omitted  in  journal 
publications  because  of  space  limitations. 

The  authors  are  especially  indebted  to  their  colleague,  Professor 
R.  D.  Kirby,  for  many  helpful  suggestions  on  instrumentation,  and  on 
the  analysis  and  interpretation  of  the  data. 
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I .  INTRODUCTION 


CHAPTER  1 


Potassium  selenate  and  some  of  its  isomorphs  exhibit  several 
phase  transitions  on  cooling  from  high  temperature.  One  of  these 
phases  is  incommensurate  (modulated  structure);  it  Hlocks-inH  to  a 
ferroelectric  phase  at  its  low  temperature  limit.  The  discovery  of 
these  incommensurate  phases  in  insulator  crystals  generated  a  number 
of  studies  of  these  systems  by  a  variety  of  experimental  techniques. 
Among  the  f erroelectrics,  next  to  KgSeO^,  rubidium  tetrachlorozincate , 
RbgZnClg,  has  been  the  most  studied.  Results  of  Raman  and  infrared 
spectroscopy  (2,5-7),  measurements  of  optical  properties  combined  with 
dilatometric  measurements  (8,9),  x-ray  diffraction  (10,11),  neutron 
scattering  (12),  Cl-NQR  and  NMR  (13,14),  and  dielectric  susceptibility 
measurements  (15-18),  have  been  reported. 


Four  successive  phase  transitions  have  been  reported  for  Rb^ZnCl^ 
between  302  and  74  K  (as  shown  in  Table  I).  Above  T^*302  K,  Rb^ZnCl^ 
is  paraelectric  with  space  group  Pnam  (D^)  (our  axes  are  chosen  as 
c<a<b)  with  four  molecules  per  unit  cell  (Z*4).  A  displacive 
second-order  transition  takes  place  at  TL*189  K  to  an  improper 

q 

commensurate  f erroeelctric  phase  with  space  group  Pna2^  <Z=12)  ( C ^ v ) 
and  a  spontaneous  polarization  P#  #  c.  Finally,  a  further  transition 
to  a  monoclinic  structure  takes  place  at  To=74.S  K;  the  space  group 
Alai  <Z*24)  has  been  proposed  (12)  for  this  phase. 


'annelier,  Acta  Cryst.  B.5H, 
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In  this  report,  we  describe  the  results  of  our  Raman  scattering 

measurements  on  Rb^ZnCl^  crystals  in  all  four  phases.  Initially,  we 

undertook  a  detailed  investigation  of  the  Raman  spectrum  over  a  wide 

range  of  temperature  and  for  all  non-redundant  scattering  geometries. 

Previous  investigations  <2,5,6)  concentrated  on  the  low  frequency  part 

of  the  spectrum  with  only  minimal  information  given  on  the  higher 

frequency  portion.  Wada  et.al.<2)  do  show  the  higher  frequency 

spectra  at  77  K  and  315  K  but  give  no  other  information.  Our 

objective  was  to  study  the  complete  spectrum  at  all  temperatures  of 

interest.  We  wished  to  obtain  accurate  line  frequencies  for 

comparison  with  the  predictions  of  our  theoretical  calculations  and 

also  to  determine  in  detail  the  temperature  dependence  of  the  internal 

2- 

mode  spectrum  <i.e.,  the  vibrational  modes  ox  the  ZnCl4  ions). 
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II.  EXPERIMENTAL 


Single  crystals  of  Rb^ZnCl^  were  grown  by  slow  evaporation  at 


room  temperature  from  saturated  aqueous  solutions  containing  RbCl  and 


ZnCl^  in  a  2:1  molar  mixture.  Most  of  these  crystals  appeared  to  be 


striated  but  otherwise  clear.  Examination  under  a  microscope  revealed 


the  striations  to  be  hollow  tubes.  It  was  also  observed  that  the 


faster  the  crystal  growth  rate,  the  mox«  pronounced  were  the 


striations.  All  crystals  used  in  this  study  were  carefully  selected 


to  avoid  this  crystal-defect.  The  seleoted  clear  crystals  were  cut 


and  polished  into  right-angle-sided  cubes  with  the  sides  parallel  to 


the  orthorhombic  crystallographic  axes.  The  crystals  then  were 


examined  between  crossed  polarizers  for  light  travelling  along  all 


three  axes  to  ensure  that  no  twin  boundaries  were  present.  The 


crystals'  orientations  were  determined  by  comparing  the  main  lines  of 


their  room-temperature  Raman  spectra  with  those  previously-reported 


(2).  Raman  measurements  were  also  made  on  melt-grown  crystals 


obtained  from  H.  Arend,  ETH,  Switzerland.  The  Raman  spectra  from 


these  two  different  growth  sources  and  processes  are  identical;  the 


spectra  contain  no  evident  signs  of  crystal-dependence. 


The  Raman  measurements  were  made  using  an  argon-ion  laser  as  the 


monochromatic  light  source  operating  at  either  514.5  nm  or  488.0  nm  at 


a  power  output  of  100  mW  from  the  laser.  The  488.0  nm  laser  line  was 


found  to  give  a  better  signal  than  the  514.5  nm  line,  but  the 


experiment  was  done  with  both  laser  lines  to  determine  if  there  was 


any  interference  from  laser-plasma  fluorescent  lines.  A  block  diagram 


of  the  Raman  spectrometer  is  shown  in  Fig.  1.  The  signal  was  detected 


with  a  Spex  model  1401  double  monochromator  in  conjunction  with  photon 


/.•>; w0v*v?‘i3v*v --■j-'f"-’'-/  -y-v-y-v  .  V-V  v 
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counting  electronics.  Data  were  recorded  and  stored  directly  on  a 
floppy  disk  using  an  on-line  LSI-11  minicomputer.  This  system  counts 
the  signal  for  a  pre-selected  length  of  time  and  the  spectrometer  is 
then  automatically  advanced  by  a  pre-selected  step  (0.5  wavenumber  in 
our  case)  to  the  next  frequency  where  the  data  accumulation  begins 
again . 


In  our  current  and  improved  data  collection  system,  an  ADAC 
1604/0PI  counter  board  is  mounted  in  the  computer  backplane.  This 
board  is  used  to  obtain  the  photon  count  (correcting  for  laser  power 
fluctuations)  and  store  it  directly  in  the  computer  memory.  It 
replaces  an  Ortec  715,  dual  counter-timer  for  which  a  computer 
controller  was  required  to  interface  the  counter  to  the  computer.  The 
count  is  then  recorded  on  floppy  disks.  With  these  hardware 
improvements  and  rewritten  software,  the  experimenter  can 
automatically  skip  any  undesired  spectral  region.  This  results  in  a 
more  accurate  frequency-shift  record  by  eliminating  the  error  which 
was  introduced  by  the  manual  scanning  that  was  necessary  with  the 
previous  system.  Furthermore,  the  process  can  be  interrupted  at  any 
time  to  insert  any  reference  line  desired  and  also  to  automatically 
end  the  scan. 

All  measurements  were  made  in  a  right-angle  scattering  geometry 
with  the  polarizations  selected  to  allow  each  element  of  the  Raman 
tensor  to  be  obtained  separately. 

The  samples  were  mounted  on  a  copper  substrate  on  a  holder  in  an 
exchange-gas-coupled,  liquid-nitrogen  cryostat  for  measurements  from 
77  K  to  400  K.  Below  77  K,  a  flowing-gas  helium  cryostat  (19)  was 
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used.  Sample  temperatures  were  determined  by  a  platinum  resistance 
thermometer  mounted  close  to  the  sample.  The  helium  exchange  gas 
ensures  good  agreement  between  sample  and  thermometer  temperature  but 
local  heating  by  the  incident  laser  beam  can  also  occur,  producing 
significant  temperature  changes  at  the  laser  beam  focus  in  the  sample. 
Stokes-antiStokes  integrated  Raman  line  intensity  ratios  were  measured 
to  estimate  the  laser  beam  heating.  In  most  cases,  the  results 
suggested  that  the  local  heating  was  insignificant.  Further 
discussion  of  this  is  deferred  to  a  later  section. 

The  temperature  of  the  specimen  during  each  scan  was  kept 
constant  within  ±0.5  K  by  a  Wheatstone-bridge  heater-controller,  shown 
schematically  in  Fig.  2.  First,  we  manually  let  the  temperature  of 
the  sample  settle  down  to  close  to  the  desired  temperature  and  then 
started  the  controller  which  programs  the  power  supply  to  switch  the 
current  to  the  heater  on  and  off.  In  the  near  future,  when  the 
writing  of  the  software  is  completed,  an  Analog  Devices  RTI  1251, 
12-bit  analog-to-digital  converter  (ADC),  which  is  also  directly 
mounted  in  the  computer  backplane,  will  be  used  to  control  the  sample 
temperature.  This  will  increase  the  precision  of  the  temperature 
control  to  within  0.01  K;  it  also  can  be  programmed  to  automatically 
heat  or  cool  the  sample  between  measurements  for  a  sequence  of 
temperatures.  This  assumes  that  the  measurement  scan  can  be 
automatically  started  and  stopped  with  pre-programming  as  long  as  the 
cooling  source  (liquid  nitrogen  or  liquid  helium)  is  not  depleted. 
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A.  Group  Theoretical  Analysis 

Raman  spectroscopy  provides  a  powerful  and  valuable  technique  for 
the  study  of  ferroelectric  materials  since  the  structural  phase 
transitions  that  are  associated  with  the  f erroelectricity  arise  from 
lattice-dynamical  instabilities  that  are  usually  Raman-active.  To 
classify  the  Raman  spectra  according  to  the  classifications  of  the 
zone-center  normal  modes  by  their  crystal  structure  symmetries,  a 
group-theoretical  analysis  should  be  performed.  Most  of  these  details 
have  been  derived  previously  for  KgSeO^  (20)  in  its  paraelectric  phase 
and  also  apply  to  isomorphous  Rb2ZnCl4:  therefore,  only  a  brief 
summary  will  be  given  here. 

The  symmetries  of  the  Raman-active  phonons  that  can  appear  in  a 
given  scattering  geometry  can  be  determined  by  inspection  of  the 
matrix  representations  of  the  Raman  tensors  tabulated  by  Loudon  (21) 
and  by  Wallis  et.al.(22).  Table  II  shows  the  Raman  tensors  for  the 
paraelectic  <D2h,  T>189  K)  and  ferroelectric  (C2v,  T<189  phases. 

The  correlation  tables  for  the  D2h  and  C2v  point  groups  and  their 
selection  rules  are  also  presented  in  Table  III,  below. 
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TABLE  II 


i 

S', 


RAMAN  TENSOR  COMPONENTS  FOR  THE  D„w  AND  POINT  GROUPS 

2h  2v 
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From  these  analyses,  it  was  shown  that  in  the  0^^  phase,  of  81  optic 
phonons  at  the  zone  center,  there  are  42  Raman-active  (gerade)  modes, 
as  shown  in  Table  IV. 


TABLE  IV 


SYMMETRY 

CLASSIFICATION 

OF  THE  ZONE 

l-CENTER  MODES 

FOR  Rb2 

ZnCl4  IN  THE  PARAELECTRIC 

PHASE 

( Pnam ) 

Mode  Assignment 

Number  of 

Number  of 

Optical  Total 

and  Polarization 

Internal 

External 

Modes 

Activity 

Modes 

T 

L 

A  <aa,bb,cc) 

6 

6 

1 

Raman 

13 

B?  lab) 

b|?  <»=> 

B!?®  (be) 

*u 

6 

6 

1 

Raman 

13 

3 

3 

2 

Raman 

8 

3 

3 

2 

Raman 

8 

3 

3 

2 

not  active 

8 

B? 

Blu 

b2u 

B3u 

3 

2 

2 

Infrared 

8 

6 

5 

1 

Infrared 

13 

6 

3 

1 

Infrared 

13 

The  acoustic  modes  are  also  included  in  the  totals  in  Column  6  for  the 


Blu'  B2u '  and  B3u  “od#m- 


The  analysis  for  the  low-temperature  phase  by  the  correlation 
method  is  shown  in  Table  V. 
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TABLE  V 

SYMMETRY  CLASSIFICATION  FOR  THE  FERROELECTRIC  PHASE 
(Pna21)  WHICH  HAS  POINT  GROUP  C2y. 


Mode 

and 

Assignment 

Polarization 

Number  of 

Internal 

Modes 

Number  of 

External 

Modes 

Optical 

Activity 

Total 

Ai 

(aa,bb,cc> 

9 

11 

Raman,  ir 

21 

A2 

(ab) 

9 

12 

Raman 

21 

B \ 

(ac) 

9 

11 

Raman,  ir 

21 

*2 

(be) 

9 

11 

Raman,  ir 

21 

Note  that  ir  represents  an  inf rared-acti ve  mode.  Also,  the  acoustic 
modes  are  included  in  the  totals  in  Column  3  for  the  ,  B1 ,  and  B2 
modes. 

In  this  low-temperature  phase  (T<189  K),  the  cell  of  Rb^nCl^ 
triples  in  the  "a"  direction,  so  it  is  expected  that  there  will  be 
three  times  as  many  modes  in  this  f erroelectric  phase  than  predicted 
for  the  paraelectric  phase,  i.e.,  the  optic  phonons  at  the  zone  center 
should  be  62A^  +  63A2  +  62B^  +  G2B2-  Finally,  the  space  group  for  the 
lowest-temperature  monoclinic  phase  is  not  known  conclusively.  No 
analysis  was  made  for  thi3  phase  since  any  group-theoretical  analysis 
given  here  would  be  purely  speculative.  However,  it  was  reported  that 
in  this  phase,  there  are  24  molecules  per  unit  cell  <Z*24)  and  thus, 
more  Raman-active  phonons;  at  least  twice  the  number  in  the 
ferroelectric  phase  are  expected. 


■SV» 
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B.  Raman  Spectra  of  the  External  Modes  of  Rb2ZnCl4 

The  results  of  Raman  measurements  of  the  external  mode  spectrum 
of  Rb-ZnCl.  is  presented  in  this  section.  There  have  been  several 
previous  studies  of  this  low-frequency  region  ranging  from  about  9-315 
K  (2,3,5)'  For  completeness,  and  to  check  these  earlier  results,  and 
also  to  be  able  to  compare  these  spectra  with  our  lattice-dynamical 
calculations,  a  detailed  measurement  and  analysis  of  the  frequencies 
in  this  range  was  made.  The  following  figures,  3a)-3f>,  show  the 
Raman  spectra  of  Rb^ZnCl^  in  the  10  to  200  cm  ^  region  in  all  four 
successive  phases  from  20  K  up  to  315  K  for  the  scattering 
polarizations  (aa),  (bb),  (cc),  (ab),  (ac>,  and  (be)  (the  first  letter 
in  parentheses  gives  the  incident  polarization,  the  second,  the 
scattered  polarization).  The  observed  lines  which  will  be  discussed 
below  are  listed  together  with  the  internal  modes  in  the  next  section. 
These  results  are  in  general  agreement  with  previously  reported  work 
(2)  . 

C.  Raman  Spectra  of  the  Internal  Modes  of  Rb^ZnCl^ 

Unlike  K2Se04,  the  external  and  internal  mode  frequencies  of 
Rb2ZnCl4  are  not  well  separated.  In  the  low  frequency  region 
containing  the  external  modes,  there  are  also  internal  mode 

2- 

frequencies  from  the  internal  vibrations  of  the  tetrahedral  ZnCl^ 
ion.  Because  of  this  overlap  of  the  external  and  internal  mode 
spectra,  the  analysis  of  the  spectra  is  more  difficult  and  less 
straightforward  than  for  K2Se04>  However,  the  highest  frequency  group 
of  four  internal  modes  is  well  separated  from  the  rest  of  the  spectrum 
and  so,  many  of  our  measurements  concentrated  on  this  spectral 
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Fig.  3  Raman  spectra  of  the  external  modes  (10-200  cm  ^ )  of  Rb^ZnCl^  at  20  K, 
100  K,  200  K,  room,  and  315  K  for  the 

a)  Ag  modes:  b(aa)c 

b)  Ag  modes:  a(bb)c 

c)  Ag  modes:  a(cc)b 

d)  B-jg  mode:  (ab) 

e)  B2g  mode:  (ac) 

f)  B^g  mode:  (be) 


315  K 


40  80  120  ISO 

FREQUENCY  SHIFT  (cm’1) 


100  K 
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portion. 

The  internal-mode  Raman  spectra  of  Rb^ZnCl^  appear  as  a 
consequence  of  the  internal  vibrations  of  the  sublattice  of  the 

7- 

chlorozincate  ions,  ZnCl^  .  The  symmetry  of  these  internal  modes 
arises  from  the  coupling  between  the  free  radical  symmetry  and  the 

site  symmetry.  For  Rb^ZnCl^  in  phase  II  ( paraelectric  phase),  the 

1 S  2— 

unit  cell  symmetry  is  Pnam  (D2h)  and  the  site  symmetry  of  the  ZnCl^ 

ions  is  Cs>  The  free  chlorozincate  ion  is  tetrahedral  and  thus 

belongs  to  the  T^  symmetry  and  has  normal  modes  of  A^(V.),  E(v„),  and 

2F(v3,  ) .  The  frequencies  of  those  normal  modes  are  275  cm  1 , 

79  cm  \  306  cm  1,  and  104  cm  1  for  ,  »2,  »3,  and  respectively 

(23),  where  »2  and  are  the  bending  modes  and  and  »3  are  the 

stretching  modes. 

The  correlation  diagram  for  the  internal  modes,  derived  from  the 
group  theoretical  analysis  of  the  assumed  /f-K^SO^  structure  of 
Rb_ZnCl.,  is  shown  in  Table  VI. 
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TABLE  VI 

Correlation  Table  for  Internal  Modes  of  RbjZnC^  in 
Paraelectric  Phase  (II)  ““D1-. 


Free  Ion 
Frequency 


Free  Ion 
Symmetry 

T,  ' 


Site 

Symmetry 

c 


Crystal 


Frequency 


4  Ul  -i 

(275  cm  ) 

4  -i 
(7^  an  ) 


(306,  104  an  ) 


wW 


W4 

W4 

W>4 
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This  implies  that  Rb^ZnCl^  has  36  independent  "internal  modes" 

2- 

from  the  chlorozincate  radicals  ZnCl^  .  These  optical  phonon  modes 
can  be  classified  into  the  following  irreducible  representations: 

6A  +  6B,  +  3B_  +  3B,  +  3A  +  6B,  +  SB,  +  3B,  . (1) 

g  lg  2g  3g  u  lu  2u  3u 

where  the  18  modes  belonging  to  the  gerade  representations  <g)  are  all 

Raman-active,  only,  and  the  ungerade  modes  (u>  modes  are 

infrared-active  or  silent,  only.  These  18  Raman-active  modes  fall  in 

two  spectral  regions.  Lines  derived  from  the  bending  modes,  and 

,  lie  in  the  100-160  cm  1  range  and  lines  derived  from  the 

stretching  modes,  and  »3,  lie  in  the  260-330  cm  1  range.  The 

absence  of  any  Raman  lines  at  frequencies  higher  than  310  cm  1 

2- 

suggests  that  the  ionic  bonds  in  the  ZnCl^  radicals  are  weak 

2— 

compared  to  those  in  the  SeO^  radicals  in  i^SeO^  whose  spectrum 
extends  to  nearly  1000  cm”1. 

The  following  figures  4a)-4f)  show  the  Raman  spectra  in  the 
240-340  cm  1  region  for  a  temperature  range  from  20  K  up  to  315  K  for 
all  the  scattering  polarizations. 

In  the  analysis  of  Raman  spectra,  the  experimenter  must  be  wary 
of  "polarization  leakage"  effects.  The  term,  polarization  leakage, 
describes  a  situation  in  which  a  strong  line  from  one  polarization 
pair  associated  with  a  particular  factor  group  appears  in  the  spectrum 
of  another  polarization  pair.  In  our  case,  the  295  cm  1  line  in  the 
A^  spectrum  has  the  highest  intensity  of  all  of  the  measured  lines. 

It  also  appears  in  the  B^,  ^2g'  an^  ^3g  *Pec^ra  **  we  have  postulated 
it  should,  but  its  intensity  relative  to  the  neighboring  lines  in  the 
B3g  and  B^  spectra  was  observed  to  vary  with  the  directions  of  the 
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Fig.  4  Raman  spectra  of  the  internal  modes  (240-340  cm"^ )  of  Rb^ZnCL  at  20  K,  100 
200  K,  room,  and  315  K  for 
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incident  and  scattered  light  which  should  not  be  the  case.  Since  it 
would  normally  be  forbidden  in  the  B^  and  spectra  by  the  Pnam 
selection  rules,  we  expect  it  to  be  weak  relative  to  the  neighboring 
lines,  yet  in  b( — )c  spectra,  it  was  the  strongest,  indicating  a 
leakage  contribution.  We  therefore  chose  the  Bg^  and  B^ 
configurations  with  the  smallest  contribution  from  the  295  cm-1  line 
to  display  in  Fig.  4.  At  20  K,  however,  the  measurements  were  made  in 
only  the  c( — )b  configuration.  Consequently,  for  the  20  K  measurement 
we  show  the  295  cm  1  peak  off-scale  in  Fig.  4  so  the  other  features  of 
the  spectrum  can  be  seen  more  clearly. 
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IV.  DATA  ANALYSIS 

A.  Correction  of  spectra  for  finite  slit  width 

In  the  analysis  of  the  band  shapes  of  the  Raman  lines,  it  is 
necessary  to  take  into  account  the  distortion  caused  by  the  dispersion 
associated  with  the  finite  widths  of  the  slits.  This  spectral 
distortion  can  introduce  significant  errors  in  the  analysis  of  these 
Raman  spectra  because  the  line  widths  and  the  splitting  of  the  lines 
often  are  of  the  same  order  as  the  slit  width.  In  such  cases,  the 
observed  line  shape  can  be  determined  from  the  true  line  shape  by  a 
convolution  with  the  dispersion  function  of  the  slits.  If  the 
lineshape  function  (a  Lorentzian  in  this  case)  is  L(»)  and  the  slit 
transmission  function  is  G(V'  -  »)  with  the  monochromator  set  at 
then  the  transmitted  spectrum  is  given  by  a  convolution  of  these  two 
functions,  i . e. , 


S(v'  ) 


1 


L< V )  G ( v  ' 


v)  dv. 


(2) 


Thus,  if  the  slit  function  and  lineshape  functions  are  known,  the  true 
lineshape  can  be  found  by  fitting  their  convolution  to  the 
experimental  Raman  line.  This  is  particularly  important  in  this  case 
because  many  of  the  lines  in  the  Rb^ZnCl^  spectra  overlap  and  thus 
distortions  caused  by  the  slit  dispersion  can  easily  lead  to  false 
conclusions.  For  example,  the  four  highest  frequencies  in  the 
Rb2ZnCl^  spectrum,  whose  study  in  detail  form  a  separate  section  of 
this  report,  fall  in  only  a  SO  cm-1  range,  260-320  cm-1,  with  full 
widths  at  half  maximum  (FWHM)  of  about  20  cm  ^ ,  and  thus  overlap 


V-V-  ."-V-  if.’V-.-.-'U'A.n*..  <1*.  ■*-*«*■.  W-  J 
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significantly.  In  all  of  the  Raman  data  that  are  reported  here,  the 
slit  width  correction,  described  below,  was  made. 

For  a  modern  monochromator,  the  slit  function  is  close  to  a 
Gaussian,  at  least  for  small  slit  widths.  On  the  other  hand,  the  slit 
function  will  be  more  or  less  triangular  for  larger  slit  widths.  The 
slit  function  used  here  is  obtained  by  assuming  uniform  monochromatic 
illumination  of  the  first  slit  which  produces  a  rectangular  intensity 
pattern  scanning  the  second  slit.  Thus,  the  output  from  the  second 
slit  is  a  convolution  of  the  two  rectangle  slit  functions,  which  gives 
a  triangle  function  incident  on  the  third  slit.  The  output  of  the 
third  slit  is  then  a  second  convolution  of  the  triangle  function  with 
the  slit  rectangle  function. 


This  slit  function  was  suggested  by  Galliardt  (24).  It  is 


given  by  H_(u_,A),  in  our  notation,  as  described  below: 
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H3(U3'A)  *  ) 


0 

N(u3  -  3A)2 

2 

N(3A2  -  u2) 

N<u3  +  3A ) 2 
2 

0 


3A4u3 
A<u3<3A 
-AAUgAA 
-3A<u3<-A 
u34-3A  . 


(3) 


where  A  is  a  slit  width  in  frequency  units  obtained  from  fitting  to 
the  laser  line,  u3  is  the  Raman  frequency  shift,  u3-w,  and  N  is  a 
normalization  factor. 


The  true  line-shapes  of  the  Raman  spectra  can  often  be 
approximated  by  Lorentzians.  Therefore,  the  observed  profile  will  be 
the  convolution  of  the  slit  function,  H3<u3,A),  with  a  Lorentzian. 
Consider  an  incoming  Lorentzian,  L<u»),  of  height,  S,  and  width,  -y , 
centered  at  the  frequency,  «q,  which  is  given  by 


L(w) 


1  + 


,2<w  -  wo) 


(4) 


From  the  convolution  of  this  Lorentzian  with  the  calculated  slit 
function,  we  obtain  the  observed  intensity  distribution  as 


r® 

I  (ft»3)  =  I  dw  Hg  ( w3~w ,  G )  L  ( w )  . 


(5) 
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This  leads  to  the  following  calculated  Raman  line  shape. 


I<u»3)  ■  B:  +  P  +  P2  +  P3  +  .  .  .  . (6) 

where  is  a  constant  background,  and  P^ ,  P2,  P3,...  correspond  to 
each  observed  peak  in  the  Raman  spectrum  and  is  equal  to 

S.  7?  . 

P.  =  B ,<«  -  •*  .  )  +  Q(Z.  +  3R.  ]  -  Q  ( Z .  -  3R.  ) 

i  2  oi  16  3A2  L  l  i  l  l 

-3Q(Z.  +  R.]  +  3Q(Zi  -  R.)J 

.... (7) 

where  B^  is  a  linear  background,  i  =  1,  2,  3,  ..., 

Q  (x)  =  (x2  -  1)  tan  *x  -  x  log  (x2  -  1),  . (8) 

zi  -  fr  -  -oi»>  . (9> 

and  R.  =  — .  . (10) 

1  ^i 

S  is  the  peak  height  of  the  convolved  function,  A  is  the  slit  width, 
o>o  is  the  undamped  mode  frquency,  w  is  the  frequency  shift  from  the 
laser  line,  and  ui_  =  u  -  w  . 

w  O 


M  A  ~  •  -  J 


is 


The  procedure  used  for  each  spectrum  was  as  follows:  First,  the 
spectrometer  function  given  by  Eq.(4),  along  with  a  least-square 
fitting  routine  (LMCHOL)  (25),  was  used  to  obtain  the  best  fit  to  the 
laser  line.  The  frequency  shift  at  the  peak  of  the  laser  line  should 
be  zero,  but  due  to  monochromator  misalignment  from  room  temperature 
fluctuations,  the  calibration  of  the  spectrometer  may  shift  by  1  or 
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M 


a 


53 


2  cm-1  on  a  day-to-day  basis.  Thus,  it  is  necessary  to  "fit  the  laser 
line"  to  establish  the  "true"  zero  frequency  shift,  since  our  Raman 
frequency  shifts  are  recorded  as  the  monochromator  dial  reading  and 
must  be  corrected  for  this  error.  Also,  the  value  of  the  slit 
parameter  <A)  which  gave  the  best-fit  to  the  laser  line  was  then  used 
for  further  calculations.  These  results,  along  with  the  measured 
Raman  data,  were  then  fed  to  a  second  computer  program  which  fitted 
the  observed  lines  to  the  Lorentzian  line  shape  convoluted  with  the 
spectrometer  transfer  function  <Eq.(7)).  The  results  of  these 
calculations  were  the  intensities,  linewidths,  and  frequencies  of  the 
observed  Raman  peaks. 

In  our  previous  data  analysis  of  the  higher  frequency  internal 
modes  (240-340  cm  1 )  of  Rb2ZnCl4  for  the  A^tbb)  spectrum  between 
phases  III  and  II,  several  problems  arose  in  trying  to  fit  this 
function  to  the  regular  experimental  Raman  data.  First,  there  can  be 
a  significant  interfering  background  arising  from  the  width  of  the 
unshifted  laser  line  scattering  (usually  defect-induced)  and  possibly, 
also,  from  surface  roughness  and  optical  misalignment.  A  second 
problem  arises  from  weak  peaks  which  are  nearly  or  completely 
unobservable  from  overlap  with  adjacent  peaks  which  prevent  accurate 
fitting  to  a  single  line.  We  have  been  able  to  resolve  both  of  these 
problems  by  fitting  to  lineshape  derivatives.  It  is  well-known  from 
the  work  of  Yacoby  and  colleagues  (26)  that  obscured  Raman  peaks  can 
be  visualized  by  temperature  or  wavelength  modulation  spectroscopy. 
However,  lineshape-f itting  to  the  derivative  spectra  has  not  been 
reported  previously  (to  our  knowledge)  for  Raman  spectra.  The 
advantages  are  two-fold:  (1)  the  constant  background  terms  are 
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eliminated,  and  (2)  the  observed  weak  features  in  the  normal  spectrum 
can  often  be  visualized  in  the  derivative  spectrum  and  even  when  not 
visible,  can  influence  the  fit  by  inclusion  in  the  spectrum.  Our 
resulting  fits  are  highly  reliable  in  this  higher  frequency  region. 
Nevertheless,  this  derivative  process  seems  not  to  work  as  well  for 
the  fit  to  the  external  mode  region,  10-180  cm  This  can  be 
explained  as  arising  from  more  significant  background  influence  since 
this  frequency  range  is  closer  to  the  tail  of  the  "unshiftd"  laser 
line  scattering.  If  these  background  terms  are  ignored,  good 
agreement  between  the  calculated  curve  and  the  data  cannot  be 
obtained.  Therefore,  a  linearly  frequency-dependent  background  was 
introduced  and  the  lineshape  function  itself  rather  than  the 
derivative  was  used  to  fit  to  the  measured  Raman  spectra.  To  ensure 
the  accuracy  of  the  former  derivative  fit  to  the  higher  internal  mode 
frequencies,  we  recalculated  the  fit  to  those  spectra  with  this 
lineshape  function  including  the  linear  background  terms.  The  results 
show  no  difference,  so  the  frequency-dependent  background  term  is  not 
needed  and  only  a  small,  constant  background  needs  to  be  retained  for 
these  higher  frequency  lines. 

The  following  figures  5a)-5h)  show  the  quality  of  our  fitting 
process  for  best  and  worst-case  examples  at  low  temperature  (100  K> 
and  at  the  higher  temperatures.  The  vertical  lines  in  the  figures 
indicate  the  calculated  peak  frequencies  and  their  heights  represent 
their  calculated  integrated  intensity.  The  examples  of  fitted  spectra 
were  chosen  to  be  at  these  temperatures  since  at  higher  temperature, 
most  of  the  peaks  are  broad  and  strongly  overlapped  to  the  extent  that 
some  peaks  are  completely  buried.  To  fit  to  those  high  temperature 
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spectra,  we  first  calculated  the  fit  to  the  low  temperature  Raman 
spectrum  in  which  most  of  the  peaks  are  well  separated  and  used  these 
fit  parameters  as  initial  guesses  for  the  high  temperature  spectrum. 
The  fitting  program  will  reject  unnecessary  peaks  by  giving  zero  or  an 
insignificant  value  for  the  intensity  or  for  the  damping  function 
(FWHM) .  For  a  further  check,  sometimes  the  fit  was  recalculated  with 
very  narrow  peaks  <~2-3  cm  combined  or  eliminated  to  determine  if 
they  are  really  needed  for  the  fit.  The  reliability  of  the  fitted 
spectra  could  be  estimated  from  the  chi-squared  value  and  visual 
comparisons  of  the  calculated  and  experimental  spectra.  Finally,  we 
should  point  out  that  we  could  not  fit  very  weak  peaks  at  the 
beginning  and  end  of  the  spectrum,  i.  e.,  although  seen  in  the 
experimental  spectra,  they  were  rejected  by  the  fit. 
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V.  Analysis  and  Comparison  with  Theory 

In  the  previous  analysis  of  potassium  selenate  (1),  the  model 
proposed  that  the  selection  rules  that  apply  to  the  Pnam  structure 
would  still  apply  to  the  lattice  modes.  However,  for  the  internal 
modes,  the  four  allowed  free-ion  lines  and  their  satellites,  formed 
from  the  removal  of  their  degeneracy  by  the  crystal  field,  would  give 
9  lines,  all  of  which  would  be  seen  in  each  of  the  spectra  for  the 
four  applicable  symmetry  groups.  Since  the  deviation  from  Pnam 
symmetry  in  the  potassium  selenate  was  believed  small,  the  strong 
lines  were  taken  to  be  the  "allowed"  lines  given  by  the  selection 
rules  for  Pnam,  and  the  weak  lines  to  be  the  "forbidden  lines"  brought 
in  by  the  disorder.  (The  foregoing  statement  is  to  some  extent  an 
oversimplification  as  there  were  a  few  confusing  intensity  reversals 
that  had  to  be  explained.)  In  particular,  examination  of  the  (ac)  and 
(be)  spectra  is  especially  illuminating  since  only  three  of  the  nine 
lines  are  “allowed"  in  those  two  cases,  i.e.,  line  identification  is 
enhanced  by  identifying  systematic  weaknesses  in  the  (ac)  and  (be) 
spectra . 

In  the  present  work,  we  have  used  the  same  procedure  as  much  as 
possible  and  also  have  compared  the  Rb^ZnCl^  spectra  with  the  K^SeO^ 
results  as  an  additional  analytical  aid.  However,  in  the  case  of 
Rb^ZnCl^  the  distinction  between  "weak"  and  "strong"  is  either  unclear 
or  absent  and  there  is  greater  line  overlap  because  of  the  spectral 
range  compression  of  about  a  factor  of  three  relative  to  K^SeO^.  Line 
overlap  was  also  a  problem  in  the  case  of  l^SeO^  but  satisfactory 
resolution  was  achieved  by  cooling  to  140  K,  still  about  ten  degrees 


above  it*  129  K  incommensurate  transition.  For  Rb2ZnCl^,  however,  the 
incommensurate  transition  is  at  302  K,  so  to  resolve  the  lines,  the 
sample  must  be  cooled  into  its  incommensurate  phase.  Thus,  the 
question  arose  of  whether  or  not  lines  resolved  below  302  K  are 
allowed  above  that  temperature.  An  answer  to  that  question  was  sought 
by  studying  the  temperature  dependence  of  the  reasonably  well-isolated 
quartet  of  lines  in  the  260-320  cm  1  range.  These  results  will  be 
discussed  separately  in  the  next  section. 

In  Table  VII  a)-f),  we  show  the  calculated  (from  the  fit)  line 
frequencies  for  the  four  temperatures,  110,  200,  300,  and  315  K,  for 
each  of  the  six  scattering  configurations.  The  splitting  of  the 
various  lines  on  cooling  is  apparent.  Shown  separately  in  Table  VIII, 
is  a  correlation  of  the  lines  calculated  from  theory  for  the  Pnam 
structure  with  the  measured  frequencies  at  315  K,  for  each  scattering 
configuration.  For  comparison  of  these  two  compounds,  Rb2ZnCl4  and 
K^SeO^,  the  calculated  frequencies  from  theory  for  the  Pnam  structure 
of  K^SeO^  and  the  measured  frequencies  at  140  K  are  also  given  in 
Table  IX.  The  calculated  and  experimental  spectra  are  in  good 
correspondence,  typically  within  about  five  percent.  (Some  systematic 
deviations  are  discussed  later. )  The  experimental  lines  are  from 
recent,  as-yet  unpublished  measurements  that  are  greatly  improved 
(lower  noise  and  background,  higher  precision  of  frequency 
determination)  over  those  reported  previously  in  reference  1.  They 
are  described  in  Chapter  II. 
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TABLE  XI 

CLASSIFICATION  OF  INTERNAL  MODES  OF  RbjZnCl^  AT  315  K 

(Pnam  STRUCTURE) 


Irraducibla 
Rapraaantation 
and  Polarization 


Fraquancy  <  cm  ) 


V  (79)  V/,  (104) 


109  117  128  132  145 


V :  ( 2  7  5  )  v3  (90S) 


285  294  305 
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Of  the  observed  lines,  the  solid  lines  in  the  Table  are  those  that  are 
assumed  to  be  “allowed"  by  the  supposed  Pnam  point  symmetry  and  the 
"dashed"  lines  are  those  that  are  "forbidden".  Note  that  for  K^SeO^, 
except  for  two  very  weak  <and  hence,  not  included)  lines,  there  is  a 
t^tal  of  9  observed  lines  for  each  factor  group  (these  two  "missing” 
lines  were  observed  in  reference  1):  the  same  nine  for  each  group. 

For  the  Rb^ZnCl^,  there  are  four  such  missing  lines.  (Small 
variations  in  peak  frequency  of  the  order  of  a  few  wavenumbers  have 
been  ignored  in  this  Table. ) 

The  origin  of  the  rationale  for  the  assignments  in  Table  X  and  XI 
is  presented  in  the  following  paragraphs. 

We  begin  by  examining  the  high  frequency  quartet.  The  strongest 
line  by  far  in  the  selenate  spectrum  came  from  the  breathing  mode  at 
843  cm  1,  the  lowest  of  these  four  frequencies.  This  line  is 
"forbidden”  in  the  cross-polar ized  (ac)  and  (be)  spectra  and  so  we 
seek  the  corresponding  line  for  Rb^ZnCl^  by  searching  for  a  strong 
line  in  diagonal  [(aa),  (bb),  (cc)]  spectra  that  is  weaker  in  the 
cross-polarized  spectra.  However,  for  adequate  resolution,  the 
spectra  in  the  incommensurate  phase  at  200  K  are  examined  first.  The 
strongest  line  in  the  diagonal  spectra  occurs  at  about  294  cm  1.  The 
remaining  lines  in  this  region  number  more  than  three;  however,  for 
comparison  with  the  selenate,  we  fix  on  the  three  other  higher 
intensity  lines  at  about  278,  285,  and  305  cm  * .  In  the  (ac)  and  (be) 
spectra  the  strongest  line  is  at  285  cm  1  so  we  identify  the  294  cm  1 
line  as  corresponding  to  the  843  cm  1  selenate  line  and  the  285  cm-1 
line  as  corresponding  to  the  877  cm  *  selenate  line.  Note  the 
reversal  of  order —  for  Rb2ZnCl4,  if  we  assume  the  breathing  mode  has 
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the  highest  intensity  in  A^,  then  it  is  not  the  lowest  frequency  line 
in  the  quartet.  A  possible  explanation  of  this  anomalous  behavior  is 
given  later. 

Using  this  approach  of  comparison  with  the  theory  and  with  the 
Raman  spectrum  of  f^SeO^,  a  tentative  identification  of  all  of  the 
lines  in  the  Rb^ZnCl^  spectra  can  be  made.  A  straightforward 
one-to-one  correspondence  of  lines  could  not  be  made  since  there  were 
more  resolved  lines  in  the  Rb^ZnCl^  spectra  than  for  the  selenate,  and 
more  than  predicted  by  selection  rules.  However,  in  the  selenate, 
isotopic  splitting  is  small  because  only  one  of  the  possible  isotopes 
has  significant  relative  abundance  (excluding  the  selenium  which  does 
not  contribute  much  to  the  possible  isotopic  splitting).  In  contrast, 
the  two  main  chlorine  isotopes  both  contribute  to  the  RbgZnCl^ 
spectra,  introducing  a  maximum  line-splitting  of  about  one  percent. 
Consequently,  we  identify  groups  of  lines  as  correlating  with 
corresponding,  single  selenate  lines.  Our  analysis  of  the  lines 
calculated  from  the  fit  to  the  315  K  spectra  is  shown  in  Table  VII. 
These  correlations,  at  this  stage,  are  still  tentative.  The 
compression  of  this  spectrum  relative  to  the  selenate  spectrum, 
particularly  in  the  region  of  overlap  of  the  lattice  modes  and 
internal  modes,  makes  unique  identifications  difficult.  Also, 
frequency  shifts  from  inter-mode  coupling  are  likely  with  such  close 
inter-mode  spacing,  a  possibility  that  has  not  been  considered  at  all 
in  this  analysis.  The  theoretical  calculations  so  far  have  been  on 
only  the  ideal  Pnam  structure  and  have  not  shown  any  of  th  coupling 
effects  that  might  be  seen  in  the  actual  non-ideal  structures. 
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If  inter-mode  coupling  takes  place,  then  the  factor  group 

analysis  we  have  applied  here  will  not  be  valid  for  the  coupled  modes. 

In  particular,  we  note  that  the  theoretical  A  line  at  276  cm  1  is 

nearly  degenerate  {accidentally)  with  the  274  and  267  cm  1  B,>^  and 

2- 

modes.  Because  of  the  disorder  in  the  ZnCl^  sub-lattice  such 
close-spaced  lines  can  couple  harmonically  and  the  resulting  coupled 
modes  would  have  mixed  symmetry.  Hence,  the  line  of  highest  intensity 
in  Ag  would  no  longer  be  correlated  uniquely  with  the  breathing  mode, 
and  the  observed,  apparent  frequency  interchange  is  reasonable  in  this 
context  of  a  coupled-mode  spectrum.  This  possibility  is  discussed  in 
some  detail  below,  in  Section  VII. 
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VI.  Temperature  Dependence  of  the  Highest  Frequency  "Forbidden"  Line 
in  the  Ag  Spectrum 

A.  We  include  here  for  completeness  a  reprint  of  a  brief  report 
that  has  recently  appeared  in  Supplement  2  of  volume  24  of  the 
Japanese  Journal  of  Applied  Physics  .24.,  790  (1985). 
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Analysis  of  the  Raman  Spectrum  of  the  Higher  Frequency 
Modes  of  Rb:ZnCI4 

V.  Katkanant,  F.  G.  Ullman'  and  J.  R.  Hardy 

Behlen  Laboratory  of  Physics.  University  of  Sebraska. 

Lincoln.  Sebraska  68588-01 1 1 

Behlen  Laboratory  of  Physics  and  Department  of  Electrical  Engineering, 

University  of  Nebraska.  Lincoln.  Nebraska  68588-0511 

The  stretching-region  (250-330  cm'1)  internal  modes  of  Rb.ZnCL  were  studied  by  Raman-scattenng  from  190  to  330 
K.  Four  lines,  peaking  at  about  275.  285.  295  and  304  cm”1  are  dearly  resolved  below  the  normai-to-mcommensurate 
phase  transition  (307  K  in  these  measurements);  above  307  K.  the  four  merge  into  three  and  the  285  cm'1  peak  is  no 
longer  detectable.  The  derivatives  of  these  spectra  were  fitted  to  the  derivative  of  an  overlapped,  spectrometer-corrected. 
four-Lorentzian  lineshape.  The  resulting  temperature  dependence  of  the  integrated  intensity  of  the  285  cm”1  peak 
decreases  by  at  most  a  factor  of  3  up  to  305  K  whereas  the  square  of  the  order  parameter  in  this  range  decreases  by  a  fac¬ 
tor  of  about  50.  Thus,  its  disappearance  above  307  K  is  as  yet  unexplained. 


§1.  Introduction 

As  pan  of  a  study  of  the  full  Raman  spectrum  of 
rubidium  tetrachlorozincate,  Rb;ZnCL.  we  have  made  a 
detailed  analysis  of  the  internal  modes  in  the  250-320 
cm-1  range  for  several  temperatures  from  190  K  to  330  K. 
The  other  internal  modes  are  not  unequivocally  iden¬ 
tified  but  appear  to  lie  in  the  80-140  cm”1  range  which 
overlaps  the  lattice-mode  portion  of  the  spectrum.  The 
impetus  for  this  work  came  from  an  earlier  study  of 
KjSeO.11’  in  which  the  number  of  observed  internal  modes 
were  consistently  greater  than  predicted  by  symmetry 
group  theory  for  its  X-ray-determined,  beta  potassium- 
sulfate  structure.  This  was  explained  as  arising  from  a 
loss  of  inversion  symmetry  in  the  selcnate  sublattice, 
presumably  from  small  deviations  of  the  selenates  from 
their  X-ray-predicted  positions.  This  symmetry-lowering 
would  make  all  of  the  infrared  lines  Raman-active  also, 
which,  however,  was  not  observed.  Therefore,  it  was  sug¬ 
gested  that  the  selenates  are  only  weakly  coupled  to  one 
another  and  orientationally  disordered  so  that  they 
behave  approximately  like  free  ions  with  the  normal¬ 
mode  degeneracies  removed  by  the  crystal  field  generated 
primarily  by  the  cation  sublattice. 

We  have  initiated  Raman-scattering  studies  on  isomor- 
phous  compounds  with  similar  phase  transition 
behavior.  The  results  of  this  first  part  of  our  investiga¬ 
tion  of  Rb-ZnCLi  and  its  relation  to  the  earlier  work  on 
K;SeO<  are  the  subject  of  this  article. 

§2.  Phase  Transitions  in  Rb2ZnCh 

The  various  phases  and  corresponding  relevant  proper¬ 
ties  of  RbjZnCU  are  summarized  below  in  Table  1. 

The  measurements  described  here  were  made  in  the  in¬ 
commensurate  phase  111  and  in  the  normal-commen¬ 
surate  phase  ll. 

A  correlation  table  for  the  internal  modes  in  phase  II  is 
given  in  Table  11.  As  can  be  seen  from  Table  11,  a  loss  of 
inversion  symmetry  gives  36  allowed  Raman-active  inter¬ 
nal  modes. 

§3.  Raman  Scattering  Measurements  on  RhjZnCI* 

The  KjSeOj  spectrum  extends  to  nearly  1000  cm  1  and 


Table  1.  Solid  Phases  of  Rb-ZnCl, 


Transition 

Temperature 

T=74.6K 

T=189K 

r=  302  K 

Phase 

V 

IV 

Ill 

II  1* 

Antiferro- 

distortive 

Ferroelectric 

Paraelectric 

Paraelectnc 

Space  Group 

Alai 

Pna2,(C:v) 

Modulated 

Pnam(Dft) 

Molecules. 

24 

Cell 

Lattice 

3a 

3a 

a  =  9.2?” 

Constants 

b 

b 

b=  12.726  A 

c 

c 

c=  7.282  A 

’Phase  1  should  be  hexagonal  in  analogs-  with  K;SeO,  bui  has  not  been 
observed  for  this  compound. 


so  the  two  groups  of  internal  modes,  bending  and  stret¬ 
ching,  are  well-separated  from  the  lattice  modes,  and 
from  each  other,  although  some  cooiing  below  re 
temperature  is  necessary  to  identify  all  of  the  lines,  une¬ 
quivocally.  In  Rb:ZnC!«,  the  entire  spectrum  lies  below 
about  330  cm  * 1  and  the  bending  modes  and  lattice  region 
overlap.  The  stretching  region,  however  is  isolated  and 
lies  between  250  and  330  cm”1.  At  300  K,  the  stretching 
region  consists  of  a  broad  line  that  can  be  seen  in  Af  spec¬ 
tra  to  consist  of  three  overlapped  lines  with  peaks  at 
about  275,  295,  and  304  cm”'.  At  lower  temperature, 
the  lines  narrow  and  a  fourth  peak  is  resolved  at  ar 


Table  11.  Correlation  table  for  internal  modes  of  0- potassium  sulfate 
structure,  D£. 
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285  cm  '.In  B:t  and  B  i,  spectra,  two  weaker  lines  at  285 
and  295  cm  1  can  be  seen,  the  285  cm  line  being  the 
stronger.  We,  therefore,  identify  the  295  cm'1  line  as  the 
symmetric  breathing  mode  which  should  be  the  strongest 
line  in  the  internal  mode  spectrum  and  should  be  forbid¬ 
den  in  Bit  and  B<t  if  the  ZnCL  ions  are  in  the  positions 
rescribed  by  the  /f-potassium  sulfate  structure.  It  is 
,nown,"  however,  that  the  ZnClA  ions  are  rotated 
significantly  from  those  positions  and  disordered  in 
phase  II.  So,  in  this  case,  we  have  the  situation  that  was 
postulated  for  K;SeO».  If  we  assume  that  modei  to  per¬ 
tain  to  RbiZnCU  also,  there  should  be  four  Raman-active 
stretching  modes  in  the  .-I,  spectrum  for  phase  II.  From 
the  measured  spectrum  however,  we  see  only  three  until 
'he  sample  is  cooled  below  300  K  into  phase  III,  It  is 
hereforc  not  possible  from  these  data  alone  to  state  that 
cither  the  285  cm  ' 1  peak  that  appears  below  300  K  is  pre¬ 
sent  in  phase  II  and  obscured  by  stronger  neighboring 
lines,  or  that  it  actually  vanishes  at  or  below  the  III-II 
phase  transition  at  about  307  K  (in  our  measurement). 

To  determine  which  of  these  possibilities  is  actually  the 
case,  we  undertook  a  detailed  analysis  of  both  the  c(bb)a 
and  a(bb)c  spectra,  which  do  not  differ  significantly, 
in  the  190-330  K  temperature  range.  A  theoretical 
lineshape.  consisting  of  four  overlapped  Lorentzian  func¬ 
tions,  convolved  with  the  slit  function  of  the  Raman  spec¬ 
trometer4'  was  assumed.  The  derivative  of  the  experimen¬ 
tal  spectrum  was  then  fitted  to  the  derivative  of  this 


lineshape  function.  Derivative  fitting  eliminates  any  fre¬ 
quency-independent  background.  To  reconstruct  the 
data  from  the  calculated  values,  a  constant  background 
can  then  be  calculated  from  the  least-squares  fit  to  bring 
all  spectra  to  the  same  zero.  No  evidence  for  any  other 
background  was  found  for  this  region.  The  reconstructed 
and  experimental  spectra  are  shown  in  Fig.  1  for  several 
temperatures.  Above  305  K,  the  four-peak  lineshape  is  re¬ 
jected  by  the  fit  (the  285  cm'1  peak  has  zero  weight)  giv¬ 
ing  a  three  peak  function.  Birefringence  measurements 
under  identical  conditions  of  laser  power,  spot  size,  sam¬ 
ple  chamber,  etc.  show  the  phase  transition  to  occur 
close  to  a  measured  temperature,  at  the  sample  holder,  of 
307  K  within  about  ±1  K.  Consequently,  even  with  the 
improved  resolution  obtained  from  this  fitting  pro¬ 
cedure,  the  presence  of  the  285  cm"1  peak  above  the  III- 

II  phase  transition  is  not  established. 

We  can,  however,  examine  the  temperature 
dependence  of  the  integrated  intensities.  If  the  285  cm"1 
peak  does,  in  fact,  disappear  above  the  III-II  transition 
because  of  the  transition,  its  integrated  intensity  in  phase 

III  should  decrease  as  the  square  of  the  order  parameter 
whose  temperature  dependence  is  known  from  X-ray  dif¬ 
fraction  measurements1'  on  satellite  lines  in  phase  III. 
The  integrated  intensities,  normalized  to  the  295  cm"1 
peak,  for  the  three  other  peaks  are  plotted  in  Fig.  2(a)-(c). 
Over  this  temperature  range,  the  satellite  intensity 
decreases  by  a  factor  of  about  50.”  The  Raman  inten¬ 
sities  of  the  275,  295  and  305  cm'1  lines  increase 
superlinearly  as  the  temperature  increases  while  the  285 
cm"1  line  intensity  decreases  slightly  by  a  factor  of  three 
at  most.  Above  295  K,  all  intensities  decrease.  At  305  K, 
the  data  are  represented  equally  well  by  a  three  or  four 
peak  fit  whereas,  as  stated  before,  the  four  peak  fit  is  re¬ 
jected  at  310  K  and  above. 


§4.  Conclusions 

From  these  integrated  intensity  results,  we  conclude 
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Fig.  ! .  Calculated  tsolid  line i  and  experimental  tpomisl  spectra  ai 
I*)  K.  :;<)  K.  '<X)  K  and  330  K. 
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that  none  of  these  peaks  vary  with  temperature  in  the 
same  way  as  the  square  of  the  order  parameter  and  so 
their  temperature  dependence  cannot  be  associated  with 
the  III— II  phase  transition.  They  do,  however,  appear  to 
behave  anomalously  near  the  transition  and  further,  the 
behavior  of  the  285  cm-1  peak  differs  from  the  other 
three  as  can  be  seen  clearly  from  Fig.  2(d)— (g)  which 
shows  the  temperature  dependence  of  the  linewidths 
(FWHM).  Finally,  neither  the  presence  nor  the  absence 
of  the  285  cm-1  peak  in  the  At  spectrum  in  phase  II  is 
established  by  these  results. 

Acknowledgements 

The  authors  are  grateful  to  Professor  R.  D.  Kirby  for 


advice  and  numerous  helpful  discussions  and  to  D 
Arend  for  the  crystal  from  which  these  samples  were  cut 

References 

1)  N.  E.  Massa.  F.  G.  Ullman  and  J  R  Hardv:  Phvs  Re\  B2T  1 1 983 
1523. 

2)  M.  Quilichmi,  J.  P.  Mathieu.  Vt.  Leposiollec  and  V  Touprv  j 
Physique  43  (1982)  78?. 

3)  K.  lloh.  A.  Hinasada,  H.  Saisunaga  and  E.  Nakamura  J  °k.  , 
Soc.  Jpn.  52  (1983)  664. 

4)  D.  Galliardt:  private  communication. 

5)  S.  R.  Andrews  and  H.  Mashiyama:  J.  Phys.  06  (1983)  4985. 


Page  40 


B.  Addendum  to  Preprint 

Space  limitations  prevented  the  inclusion  of  some  results  in  the 
foregoing  preprint  that  should  be  mentioned  in  this  report. 
Specifically,  in  the  following  figures  we  illustrate  how  the 
derivative-fitting  method  identified  the  presence  of  an  almost 
completely  overlapped  peak  in  the  spectrum.  Figure  6a)  shows  the 
spectrum  and  its  derivative  at  250  K  where  four  major  peaks  can 
clearly  be  seen.  At  298  K,  the  spectrum  can  be  fitted  with  three  or 
four  peaks  but  the  four-peak  fit,  shown  in  Fig.  6b)  can  be  seen  to  be 
better  than  the  three-peak  fit  in  the  region  shown  by  the  arrow  in 
Figure  6c).  At  higher  temperature,  there  is  no  difference  between  the 
three-  and  four-peak  fits.  A  three-peak  fit  for  315  K  is  shown  in 
Figure  6d).  (We  are  grateful  to  Professor  Y.  Yacoby  for  helpful 
discussions  of  the  derivative  fitting  method.) 
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a)  250  K,  spectrum  and  derivative  240-340  cm" 

b)  298  K,  fit  to  four  major  peaks 

c)  298  K,  fit  to  three  major  peaks 

d)  315  K,  fit  to  three  major  peaks 
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VII.  Summary  of  Results  and  Conclusions 

1.  We  have  obtained  complete,  low  background,  Raman  spectra  for 

all  of  the  scattering  configurations  corresponding  to  the  factor 
16  9 

groups  of  the  D2h,  and  C2v  point  groups,  for  crystals  of  Rb2ZnCl4  at 
temperatures  of  315,  room,  200,  100,  and  20  K. 

2.  We  have  developed  a  mult i-Lorentzian  fitting  procedure  that 
has  made  the  identification  of  even  strongly-overlapped  Raman  lines 
possible  with  reasonable  precision  and  have  correlated  these  spectra 
witn  *?cent  theoretical  calculations  of  the  lattice  dynamics  of  the 
ideal  Pnam  and  Pna2^  structure. 

3.  We  have  shown  that  these  results  are  in  agreement  with  an 
earlier  qualitative  model  for  K2Sa04  that  was  invoked  to  explain 
"anomalies"  in  its  Raman  spectrum  (1).  The  basic  assumption  of  that 
model,  that  some  members  of  this  family  of  materials  are  disordered 
from  the  ideal  (X-ray  observed)  Pnam  structure  through  weakly-coupled, 
small  rotations  of  the  ionic-molecular  groups,  is  even  more  strongly 
evidenced  in  Rb2ZnCl^  than  in  l^SeQ^.  However,  some  differences  of 
behavior  of  the  Rb2ZnCl^  versus  K2SeO^  remain  unexplained;  in 
particular,  the  explanation  of  the  apparent  disappearance  of  the 

285  cm  1  mode  above  the  incommensurate-paraelectric  transition  (302  K) 
was  studied  in  detail  but  no  conclusive  interpretation  was  forthcoming 
from  those  experiments. 

Another  interpretation,  however,  now  appears  possible. 

Examination  of  the  Raman  lines  calculated  from  theory,  shown  in  Table 

VIII,  reveals  a  degeneracy  between  the  A  line  at  276  cm 


and  the 
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Blg'  B2g'  and  P°ssibly  B3g  liaes  at  276,  274,  and  267  cm"1, 
respectively.  The  disorder  in  the  chiorozincate  sublattice  will  allow 
coupling  between  these  degenerate  lines  so  the  interpretation  in  terms 
of  specific  factor  groups,  as  we  have  presented  above,  could  be 
invalid  and  may  need  to  be  replaced  with  a  coupled-mode  analysis. 

In  order  to  understand  the  chiorozincate  internal  mode  spectra, 
some  further  development  of  our  ideas  for  K^SeO^  is  necessary.  In 
that  case,  we  (1)  argued  for  relatively  mild  disorder,  sufficient  to 
destroy  inversion  symmetry  and  decouple  the  selenate  motions.  The 
data  are  not  inconsistent  with  these  ideas.  Certainly,  the  number  of 
frequencies  observed,  which  differs  from  the  number  predicted  by  the 
selection  rules  for  the  perfect  crystal,  can  be  explained  by  this 
decouplings  and  the  intensities  of  the  “f orbidden"  lines  are  of  the 
order  that  would  be  produced  by  slight  misorientations  of  the  selenate 
ions. 

However,  within  any  model  developed  for  the  chiorozincate,  this 
is  not  the  case.  The  decoupling  is  still  required  but  there  are  two 
new  features  with  disturbing  implications:  the  "forbidden"  lines  are 
far  too  strong  to  be  explained  by  this  simple  model,  and  as  compared 
with  the  theoretical  values,  the  widths  of  the  internal  mode  regions 
are  of  the  order  of  a  factor  of  two  less. 

In  Fig.  7,  we  show  stills  from  a  molecular  dynamics  simulation  of 
the  ionic  motions  using  Gordon-Kim  potentials  as  we  have  done  in 
earlier  work  (27).  It  can  clearly  be  seen  that,  while  the  Rb+  and 
Zn  sublattices  manintain  their  integrity,  the  ZnCl*-  tetrahedra  are 
highly  disordered  rotat ionally . 
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Fig.  7  Results  of  molecular  dynamics  calculations  on  the  Pnam  structure. 

The  dashed  lines  show  the  evolution  of  the  chlorine  atom  positions. 

a)  three-cell  projection 

b)  enlargement  of  section  shown  in  (a). 
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This  provides  an  immediate  explanation  of  the  reduced  splittings 
since,  given  their  large  freedom  of  movement,  the  tetrahedra  will 
naturally  tend  to  spend,  on  the  average,  a  large  part  of  their  time  in 
regions  where  their  internal  stresses  and  the  associated  splittings  of 
the  free  ion  degeneracies,  are  least.  (Their  almost  complete 
decoupling,  one  from  another,  is  also  self  evident).  Thus  it 
automatically  follows  that  the  observed  crystal-field-induced 
splittings  are  going  to  be  much  less  than  those  calculated  for  the 
ideal  Pnam  structure,  both  because  the  ions  are  less  distorted,  and 
because  they  are  decoupled. 

2- 

However,  this  ZnCl^  disorder  also  provides  a  ready  explanation 
for  the  intensities  of  the  "forbidden"  lines  which  even  these  large 
misorientations  cannot  explain.  Two  factors  are  at  work:  the  first 
affects  both  the  bending  and  stretching  regions  while  the  second  is 
peculiar  to  the  stretching  region  in  the  chlorozincates. 

The  first  factor  is  due  to  both  relaxation  and  misorientation. 

The  relaxation  tends  to  restore  the  degeneracy  of  "allowed"  and 
"forbidden"  modes  (e.g.,  the  doublet  of  the  free  ion  splits  into 
two  singlets,  one  of  which  is  "allowed"  in  (ac)  and  (be)  and  the  other 
is  "forbidden"  but  "allowed"  for  other  geometries).  This  partial 
restoration  of  degeneracy,  having  been  produced  by  relaxation,  then 
strongly  enhances  the  tendency  of  the  misorientation  to  produce  mode 
mixing  — the  closer  the  frequencies  of  a  set  of  uncoupled  modes,  the 
more  the  mode-coupling  tends  to  produce  a  new  set,  each  of  which 
contains  an  equal  mixture  of  the  original  set. 


Clearly,  this  type  of  effect  is  in  operation  in  the  bending 
region  — however,  with  different  effects  in  different  geometries 
since,  in  this  region  the  effect  of  the  ordered  "backbone"  of  metal 
ions  will  be  strong  and  will  discriminate  between  them. 

In  the  stretching  region  in  the  rubidium-chlorozincate,  we  have, 
in  addition  to  the  foregoing  effects  of  relaxation  and  disorder,  a 
unique  effect  arising  from  the  near-degeneracy  of  one  of  the 
antisymmetric  stretch  modes  (in  and  B^)  with  the  symmetric 

"breathing"  mode. 

Given  this  situation,  the  disorder  and  relaxation  mode-mixing  is 
complete  and,  as  is  clear  from  the  data,  the  diagonal  spectra  are  very 
similar  and  contain  all  four  lines  with  comparable  inte  sity,  at  least 
below  T..  In  fact,  naively,  one  would  expect  all  four  lines  to  have 
approximately  equal  intensities  — and  this  is  indeed  observed  in 
Cs2ZnCl4  (28)  which,  however,  does  not  show  an  incommensurate  phase. 

The  fact  that  in  Rb2ZnCl^  the  295  cm  1  line  is  the  strongest 
(<*50*  of  the  total  integrated  intensity)  rather  than  the  lowest 
frequency  of  the  quartet,  as  in  K2Se04,  suggests  that  some  other 
factor  must  be  operative.  Tentatively,  we  would  argue  that  this  could 
be  due  to  correlations  of  the  motions  along  "a"  associated  with  the 
phase  transition.  These  would  affect  motion,  particularly 
antisymmetric  stretch  motion,  parallel  to  "a"  in  a  unique  fashion 
which  would  be  far  more  likely  to  enhance  the  associated  scattering, 
since  correlation,  unless  very  specially  selected,  rarely  reduces  an 
effect  already  present. 
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Finally,  these  considerations  can  also  provide  a  plausible 

explanation  of  the  apparent  rapid  disappearance  of  the  289  cm  1  line 

in  the  A^  spectrum  as  is  approached  from  below.  Evidently,  this 

line  is  "pulled  out"  of  the  strong  295  cm  *  peak  and  its  splitting  is 

2— 

probably  a  strong  function  of  the  ZnCl^  misorientation:  thus  the 
loss  of  the  ordered  component,  of  these  rotations,  which  probably 
occurs  over  this  temperature  range,  could  well  reduce  this  splitting 
to  the  point  where  the  line  merges  into  the  295  cm  1  peak.  A  similar, 
but  smaller  effect  may  also  be  present  for  the  306  cm-^  peak. 

This  argument  might  also  er plain  some  of  the  systematic 
deviations  of  theory  from  experiment  in  the  case  of  K^SeO^,  referred 
to  earlier,  since  their  pattern  is  similar.  However,  the  transfer  of 
intensity  "from  the  breathing  mode  to  the  other  lines  will  not  occur 
for  K2Se04  since  there  is  not  a  similar  accidental  degernacy;  again, 
this  is  in  accord  with  the  observed  spectra. 
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Chapter  2 

New  Measurements  on  K^SeO^ 

In  our  previous  work  (1),  we  reported  that  the  internal  mode 
spectra,  for  Raman-scattering  configurations  representing  the  four 
factor  groups  of  the  point  group  symmetry  of  K^SeO^  and  measured 
in  its  orthorhombic,  paraelectric  phase,  consisted  of  the  same  nine 
frequencies  within  our  precision  of  about  plus  or  minus  2  cm~* .  We 
also  observed  no  change  on  cooling  except  for  line  narrowing  and  a 
small  downshifting  in  frequency  of  the  whole  spectrum.  Since  then, 
Unruh  (29)  has  reported  small  frequency  shifts  between  corresponding 
lines  in  the  B^tab),  B2^(ac),  and  B^^ibc)  spectra.  Also,  in  infrared 
spectra  from  the  Laboratory  of  F.  Gervais,  reported  by  P.  Echegut 
(30),  additional  lines  are  observed  on  cooling  into  the  incommensurate 
phase.  Consequently,  we  have  repeated  some  of  our  measurements  of  the 
K2Se04  spectra,  with  more  careful  frequency  calibration,  using 
appropriate  known  lines  of  the  neon  spectrum,  and  we  have  made  these 
measurements  at  140  K  and  110  K  to  compare  with  the  aforementioned 


infrared  results. 
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I .  INTRODUCTION 

The  high  temperature  (normal  orthorhombic)  phase  II  of  K^SeO^  has 

a  structure  of  the  /-K^SO^  type  and  belongs  to  the  space  group  D*® 

-Pnam  (Z*4).  It  transforms  to  an  incommensurate  phase  III  at  129  K 

and  then  undergoes  a  lock-in  transition  to  a  commensurate  phase  IV 

g 

with  space  group  C£V~Pna2^  at  the  ferroelectric  Curie  point  at  93  K 

(31).  In  phase  III,  this  crystal  has  the  incommensurate 

superstructure  whose  lattice  parameter  is  almost,  but  not  exactly, 

tripled  along  the  paraelectric  orthorhombic  Han-axis.  In  the 

commensurate  phase  IV,  it  is  an  improper  f erroelectric  with 

spontaneous  polarization  along  the  c-axis  and  its  cell  side  is  exactly 

tripled  along  the  paraelectric  "aM-axis.  This  crystal  has  been 

extensively  investigated,  both  experimentally  (1)  and  theoretically 

(20,32-34)  because  of  the  considerable  interest  in  revealing  the 

mechanisms  responsible  for  the  successive  phase  transitions,  including 

the  appearance  of  the  incommensurate  structure  and  the  lock-in 

transition.  Infrared  and  Raman  spectroscopy  are  important  tools  for 

studying  the  soft  modes  responsible  for  these  structural  phase 

transitions.  Recently,  Echegut  et.  al.  (30)  reported  that  additional 

lines  may  be  seen  on  cooling  to  just  below  129  K  in  the  infrared  B.Ju 

and  B3u  spectra.  There  are  three  additional  external  modes  and  one 

additional  internal  node  whose  intensities  increase  with  decreasing 

temperature  in  both  the  incommensurate  and  ferroelectric  phases 

without  any  significant  discontinuity  at  T  *  129  K.  Also,  as 

c 

mentioned  previously,  Unruh  (29)  has  reported  small  frequency  shifts 
of  the  corresponding  lines  in  different  polarizations  in  the  internal 


modes. 
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Since  these  effects  were  not  observed  in  our  former  Raman 
measurements,  we  have  undertaken  more  careful  measurements  using  the 
laser  line,  and  two  neon  lines  at  the  beginnings  of  the  external  and 
internal  mode  regions  for  frequency  calibration.  In  addition,  we  have 
carried  out  a  more  careful  data  analysis  to  determine  the  actual  peak 
frequency . 


II.  EXPERIMENT  AND  EXPERIMENTAL  RESULTS 


Single  crystals  of  KgSeO^  were  grown  by  slow  evaporation  of  an 
aqueous  solution.  The  samples  were  cut  in  untwinned  regions  having 
good  optical  quality  and  suitable  for  polishing  into  right-angle 
prisms  with  sides  parallel  to  the  orthorhombic  axes.  The  measurements 
were  made  by  using  a  single  frequency ,  Ar-ion  laser  line  at  488.0  nm 
as  a  light  source  and  at  100  mH.  Raman  spectra  were  measured  at  140  K 
in  all  appropriate  polarization  configurations,  and  with  all  three 
pairs  of  incident  and  scattering  axes  (parallel  to  crystal  axes)  for 
each  polarization  configuration.  For  example,  measurements  of  a(bc)b, 
c(bc)b,  and  c(bc)a  were  made.  These  were  then  compared  and  any 
differences  observed  indicated  the  importance  of  polarization  leakage. 
Moreover,  Raman  spectra  of  a(bb)c,  a(ba)c,  a(cb)c,  and  a(ca)c  were 
made  at  110  K  and  additional  measurements  of  a(ca)c  were  made  at  85  K. 
As  mentioned  above,  all  these  measurements  have  three  reference  lines 
included  for  frequency  calibration:  the  laser  line  and  two  neon  lines 
at  318.85  and  784.65  cm  1 ,  respectively.  To  maximize  the  precision  of 
peak  frequency  determination,  a  linear  least  square  fit  to  the 
frequencies  of  these  reference  lines  was  carried  out  for  each  measured 
scan.  The  neon  lines  for  all  the  measurements  are  in  agreement  within 
±0.2  cm  To  determine  the  peak  frequencies,  a  computer  program  was 
used  that  searches  for  successive  data  points  near  a  change  in 
intensity  magnitude  of  the  second-derivative  of  the  measured  Raman 
spectrum.  It  then  selects  the  largest  number  from  this  group  and  uses 
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several  points  on  each  side  to  find  the  center  frequency  X  as: 

....  (1 ) 

where  x  is  the  wavenumber  of  the  data  point  and  y  is  the  Raman 
intensity  in  arbitrary  units.  The  X  in  the  formula  is  the  corrected 
center  frequency,  according  to  the  centroid  quadratic  formula  given 
above.  The  calculation  of  X  weights  each  point  according  to  its 
magnitude.  For  some  weak  and  narrow  peaks,  there  are  relatively  few 
data  points  for  the  calculation  since  the  data  is  recorded  in  0.5  cm  1 
steps.  To  have  sufficient  data  to  ensure  that  the  calculated  peak 
frequency  is  actually  centered  among  these  data  points,  a  second-order 
polynomial  function  was  used  as  an  interpolation  function  to  fit 
between  data  points  with  a  0.1  cm  1  coarse  step.  Thus,  it  was 
possible  to  achieve  a  precision  in  the  value  of  the  peak  frequency  of 
±0.1  cm  1  which  is  greater  than  the  experimental  precision  of 
±0.5  cm  1 . 

/ 

Comparison  of  these  results  for  different  incident  and  scattering 
directions  for  the  same  polarizations  are  in  excellent  agreement. 

These  frequency  measurements  were  already  discussed  and  shown  in  Table 
VIII  in  the  last  chapter.  Representative  spectra  are  shown  in 
Fig.  8a)  and  b) . 
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Fig.  8  Raman  spectra  of  KgSeO^  at  140  K  for 


a)  0-200  cm"1,  300-460  cm"1  and  780-940  cm"1  of  modes (aa  bb  cc). 


b)  0-200  cm-1,  300-160  cm"1,  and  780-940  cm"1  of  B,  (ab),  B7n(ac), 


and  B^gCbc)  modes. 
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Fig.  9  Comparison  of  Raman  spectra  of  KgSeO.  at  140  and  110  K  for  the  internal 
modes 
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III.  DISCUSSION  AND  CONCLUSIONS 


In  the  introduction  to  this  Chapter,  we  stated  two  objectives: 

(1)  to  obtain  more  precise  measurements  of  peak  frequencies  for 
comparison  with  those  reported  by  Unruh  (29),  and  (2)  to  determine  if 
any  line-splitting  occurs  in  the  internal  modes  on  cooling  into  the 
incommensurate  phase  as  observed  in  infrared  spectra  (30). 

With  the  improved  frequency  calibration  used  here,  we  now  find 
results  that  agree  with  Unruh  as  shown  in  Figures  8a)  and  8b). 

However,  we  do  not  agree  with  Unruh  that  these  small  frequency 
differences  negate,  in  any  way,  the  disorder  model  we  proposed  (1). 

If  K2Se04  does  have  the  Pnam  structure,  the  expected  splittings,  from 
theoretical  calculations  (20),  are  listed  in  Table  IX.  Note  from  the 
Table  that  although  the  calculated  splitting  near  875  cm  1  agrees 
with  experiment,  the  A^  splitting  does  not.  Also,  the  calculated 
splittings  at  lower  frequency,  e.g.,  near  440  cm  1  and  330  cm  ,  are 
considerably  larger  than  measured.  We,  therefore,  believe  the  results 
are  inconsistent  with  the  selection  rules  for  the  Pnam  structure. 
Further,  the  disorder  model  does  not  preclude  small  frequency 
spl  ittings  of  the  order  of  those  observed,  as  the  selenate  ions  are 
certainly  not  completely  free. 

To  meet  our  second  objective,  measurements  were  made  at  110  K  in 
the  incommensurate  phase.  The  relevant  results,  compared  with  the 
same  spectra  in  the  paraelectric  phase  are  shown  in  Figures  9a)-9d) 
and  Table  XII.  A  similar  splitting  has  been  observed  in  infrared 
spectra  in  the  laboratory  of  F.  Gervais  in  France  (30).  The  specific 
origin  of  this  effect  is  still  unknown  but  it  must  arise  from  the 


Page  55 


onset  of  incommensurate  behavior.  For  our  purpose,  it  is  important  to 
know  that  the  effect  is  observed  in  both  the  infrared-active  and 
Raman-active  modes. 


TABLE  XII 

OBSERVED  LINE  SPLITTING  OF  RAMAN  FREQUENCIES  OF  K  SeO  FROM 

4 W  9 

PARAELECTRIC  (Pnam)  TO  THE  INCOMMENSURATE  PHASE 
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431 

442  New 

437  New 
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453 
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843 
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895  New 
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905 
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913  New 
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stands  for 
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